Si/Ge heteroepitaxial dots under tensile strain are grown on nanostructured Ge substrates produced by high-temperature flash heating exploiting the spontaneous faceting of the Ge(001) surface close to the onset of surface melting. A very diverse growth mode is obtained depending on the specific atomic structure and step density of nearby surface domains with different vicinal crystallographic orientations. On highly-miscut areas of the Ge(001) substrate, the critical thickness for islanding is lowered to about 5 ML, in contrast to the 11 ML reported for the flat Ge(001) surface, while on unreconstructed (1x1) domains the growth is Volmer-Weber driven. An explanation is proposed considering the diverse relative contributions of step and surface energies on misoriented substrates. In addition, we show that the bottom-up pattern of the substrate naturally formed by thermal annealing determines a spatial correlation for the dot sites. * luca.persichetti@uniroma3.it
I. INTRODUCTION
Strain is ubiquitous in heteroepitaxial growth. Strain control and engineering have been the focus of intense research in the last decades, with the optimization of self-organization schemes based on the strain-driven Stranski-Krastanow (SK) growth mode being a central topic [1] [2] [3] . By changing the aspect ratio and shape of SK quantum dots, one can tune, respectively, the magnitude and the symmetry of the strain field [4, 5] , whereas the sign of the strain is fixed by the relative values of the lattice parameters in the dot and substrate. As a matter of fact, the paradigm of SK growth is a compressively strained island grown on a wetting layer (WL), also being under lattice compression over the substrate. This is the case for the two model systems of SK heteroepitaxy, i.e. Ge/Si(001) [3, [6] [7] [8] [9] [10] or InAs/GaAs(001) [11, 12] . Indeed, growing the reverse tensile-strained SK interface where the dots are under tensile strain, such as Si/Ge(001), is much more problematic and the number of studies on the SK Si/Ge(001) growth is rather limited [13] [14] [15] [16] [17] [18] , as compared to the huge amount of works on the Ge/Si(001) SK growth.
The main hurdle is that a tensile-strained 2D Si/Ge(001) film is significantly more stable against islanding than a wetting layer under compression [19] , despite the main driving force for islanding, i.e. the elastic energy, scaling as ε 2 , is independent of the strain sign. Accordingly, at a growth temperature T= 500 °C, the onset of three-dimensional growth has been reported to exceed 11 monolayers (MLs) in Si/Ge(001) [15, 16] , while it is only 3-4 MLs in Ge/Si(001) both for the flat [20] [21] [22] and vicinal orientations [23] [24] [25] . Such asymmetry has been largely debated in literature and diverse explanations have been proposed in terms of strain-dependent diffusivity [26] , step [19] and surface energies [27] . However, identifying the main driving force is still an open issue. Even more puzzling is that, on the Ge(111) surface, a SiGe wetting layer is instead not observed since the Si/Ge(111) growth proceeds in the Volmer-Weber (VW) mode [28, 29] .
In this paper, we investigate the growth of Si dots on naturally structured Ge(001) substrates obtained by high-temperature flash heating. Exploiting the spontaneous faceting of the Ge(001) surface close to the onset of surface melting [30] , we compare the stability against islanding of tensile-strained Si/Ge wetting layers under the same growth conditions but on domains with different vicinal crystallographic orientations close to the Ge(001) face. These domains include staircases of highly-miscut (2x1)-reconstructed (001) terraces separated by a dense array of steps, flat (115)-faceted surfaces with the c(3x1) reconstruction and disordered and unreconstructed areas showing the (1x1) bulk termination. The substrate morphology is therefore ideal to directly assess the relative contributions of step and surface energies to the stability of planar tensile-strained films. We find that, on this structured Ge surface, the 2D-to-3D transition during Si overgrowth occurs at markedly lower thickness than for the flat Ge(001) surface. On the highly-miscut Ge(001) domains, the critical WL thickness is 5 ML while on the unreconstructed areas the growth is VW driven, showing that the specific surface structure has a critical effect on the strain-induced islanding under lattice tension. In addition, we show that the nucleation sites of the Si dots are spatially correlated to the faceting-pattern periodicity, thus suggesting a viable bottom-up self-assembly route.
II. MATERIALS AND METHODS
Experiments were carried out by using commercial epi-ready, prime-grade polished Czochralski (CZ) Ge(001) wafers (N-type, Sb-doped and resistivity of about 5-7 Ω cm). The accuracy on the polar orientation specified by the supplier was ±0.5°, whereas on the azimuthal orientation was better than ±2°. Sample preparation was performed in ultra-high-vacuum (UHV)
conditions (p< 5x10 -11 mbar) by several cleaning cycles consisting of Ar + sputtering (830 V, 20 min) and annealing to 1103 K by direct current heating. As checked by scanning tunnelling microscopy (STM), the surface shows, at this stage, the typical morphology of the flat Ge(001) face, with large (001) terraces having alternating (2x1) and (1x2) reconstructions [31] . The faceting pattern is obtained by direct-current flash heating to T≳ 1173 K for few seconds followed by a rapid thermal quench to room temperature obtained by abruptly interrupting the heating current passing through the sample. Being close to the Ge melting point, temperature calibration is critical and was performed by optical pyrometry on a sacrificial melted sample. We also carefully checked that no appreciable temperature inhomogeneities were present on the sample, the colour of which was uniform during annealing. In situ STM measurement were performed at room-temperature using W tips and in constant-current mode. Si was deposited at T= 500 °C by physical vapor deposition (PVD) from an ultra-pure rod using an electron-beam evaporator directly pointing at the STM stage. In this evaporation geometry, a Si flux ranging between 0.01 and 0.6 ML/min could be achieved. In order to accurately calibrate the Si deposition rate, we perform, in the same experimental conditions, a test experiment in which the rate was obtained from real-time STM measurements acquired during step-flow growth in Si/Si(001) homoepitaxy [32] .
III. RESULTS AND DISCUSSION
High-temperature structure of the Ge(001) surface Figure 1 shows the morphology of the Ge(001) surface after the high-temperature annealing step to T≳ 1173 K.
Consistently with previous reports [30] , the surface structure is completely altered with respect to the flat (2x1)-(1x2) terraces obtained for low-temperature annealing [33, 34] . is compatible with the uncertainty over the azimuthal orientation in the wafer cut which leads to the formation of forced kinks in the step profiles. Conversely, the disordered domains lack of any atomic reconstruction and appear rough at the nanoscale.
Previous spectroscopic results indicate a substantial (2x1)-dimer breakup at high temperature and attribute surface disorder to the absence of in-plane bonding for the (1x1) bulk termination of Ge [36] . As a matter of fact, it is known that, for temperatures close to the melting point, Ge exhibits surface melting, i.e. the solid-vapour interface is wet by a mobile and wiggling quasiliquid layer which forms at the surface [37, 38] . This means that the outermost layer is highly mobile and shows intermediate structural properties between a solid and a liquid. In our case, the observation of disordered patches, clearly reminiscent of a liquid, indicates that the final annealing step takes place above the onset of the Ge surface melting. We believe that, due to the rapid cooling, the quasi-liquid layer is quenched and the surface is frozen in an out-equilibrium morphology. Accordingly, the large misorientation found in the ordered domains agrees well with a frozen wiggling of the liquid layer. Moreover, in contrast to metals, the onset of surface melting in Ge occurs in close proximity to the melting point (incomplete melting) [37] and this explains why the structuring in Ge is only observed for T> 1173 K. 
Si/Ge heteroepitaxy
We now follow by STM the nanoscale morphological evolution of this naturally structured Ge surface during Si overgrowth.
For a Si coverage Θ= 0.5 ML, the disordered domains already appear quite rugged [ Fig. 2(a) ], having a root-mean-square roughness σ= 3.4 Å. In fact, we observe the nucleation of a plenty of small 3D clusters with heights of 1-2 nm and lateral sizes below 10 nm. The onset of 3D growth at such low coverage indicates the occurrence of a VW process on the (1x1) domains.
Conversely, at the same coverage, the high-miscut (2x1)-reconstructed Ge(001) regions [ Fig. 2(b) ] show lower roughness (σ= 0.82 Å), being well below 1 Å and increased only slightly from the value of 0.78 Å before Si overgrowth. By carefully inspecting Fig. 2(b) , we note that surface dimers are asymmetric after Si deposition. This results in the appearance of a zigzag pattern of buckled dimer rows (indicated by the arrow) which have a p(2x2) in-phase arrangement one respect to the other [39] .
In line with previous observations [40] [41] [42] , the stabilization of asymmetric dimers at room temperature is a fingerprint of SiGe intermixing in the WL; mixed SiGe dimers store a significant amount of strain which is relieved in part by the buckling. The formation of an intermixed WL indicates that Si is preferentially incorporated into the 2D layer and does not form, at this stage, a 3D clusters, in contrast to the unreconstructed domains. We note that nucleation of clusters is also not observed on the Ge (115) facets [ Fig. 2(a) ].
At higher Si coverage Θ= 4.1 ML [ Fig. 2(c, d) ], we still discern the tracks of the (115) facets; in between them, however, the dense array of (001) steps is not visible anymore but it is replaced by a continuous film. Being known that the energy of Si (001) steps is substantially increased under tensile strain [19] , the high step density of the (001) domains evidently becomes energetically unfavourable at large WL thickness. The continuous film shows a non-negligible roughness (σ= 2.60 Å) and, locally, a few 3D clusters are already present. In Fig. 2(d) , the highest cluster detected, having a height of 3 nm and a lateral size of 6 nm, is observed close to an edge of the faceting pattern which is clearly a preferential nucleation site. On the original surface topography before Si overgrowth, this location corresponds to a site on the (001) domain in close proximity to the edge of a nearby (115) facet. On the same sites, we observe the formation of large 3D islands when the Si coverage is slightly increased to Θ= 5.5 ML [Figs. 2(e, f) and 3(a, b)] and, thus, we estimate 5 ML as the critical thickness for the 2D to 3D transition on the structured part of the surface. The islands have an average height of 10 nm and a lateral size of 30 nm. Information on the crystallographic orientations of island facets are obtained through the so-called facet plot (FP) analysis [43] . Each spot in the inset of Fig. 3(b) represents a different facet orientation with respect to the substrate plane being in the center of the diagram.
From the FP, the main orientations of the island facets are the {113} (circles) and the {15 3 23} (squares), which are typically dominant for SiGe multifaceted islands [15, 44, 45] . , we observe the characteristic zigzag pattern of the p(2x2) reconstruction (indicated by the arrow). In panel (d), the arrow points to a 3D cluster nucleated along the faceting edge of the substrate. In the last two panels the disordered (1x1) patches are highlighted. The diagonals of the panels are aligned along the <110> directions.
Growth-modes in Si/Ge heteroepitaxy
We showed that the surface structure has a major impact on the Si/Ge growth mode, the critical thickness for 3D islanding being negligible on the unreconstructed (1x1) domains and about 5 ML on highly-stepped Ge(001), in contrast to the 11 MLthick WL reported for the flat Ge(001) surface at the same growth temperature [15] . Besides, remember that the Si/Ge(111) growth has been reported to be of the VW type [28, 29] .
Following Bauer's criterion [46] , since the surface energy of Ge is smaller than that of Si (for relaxed unreconstructed (1x1) terminations and different surface reconstructions both on the (001) and on the (111) surfaces [47] ), one would expect no WL formation for the Si/Ge interface. However, recent ab-initio calculations showed a subtle strain-dependence of surface energies which is completely different for the (001) and the (111) orientations [48, 49] . Namely, while tensile strain stabilizes the (2x1)-reconstructed Si(001) surface [48] , the surface energy of the Si(111) surface is instead increased under tensile strain [49] . We believe that this different interplay is critical to explain the experimental observations. A coherent Si film grown on Ge shows a tensile strain ε= +4.2%; at this level of strain, the 2x1-Si(001) surface energy is markedly lowered and becomes comparable to that of the unstrained Ge(001) [48] . This means that the surface-energy gain favouring VW islanding no longer exists under tensile strain and it explains why planar Si growth is stabilized in Si/Ge(001) heteroepitaxy. Conversely, the surface energy of a Si(111) film under tensile strain on Ge(111) becomes even larger than for the unstrained surface [49] . Thus, for Si/Ge (111) the condition for VW is strengthened, well matching the experimental observations [28, 29] . The radically different behaviour of Si(111) is a further indication that the stabilization of the layer-by-layer growth is intimately related to the specific straindependent behaviour of the 2x1-reconstructed Si(001) surface. Thus, we do not expect any strain-induced reduction of surface energy for the unreconstructed (1x1) Si(001) domains where, in fact, we observe the inherent VW behaviour.
The only open question is now what drives the lower critical thickness for islanding observed on the highly-stepped (2x1) regions compared to the flat (001) surface. Since the planar growth is stabilized by the strain, any strain relaxation mechanism leads to an increase of the surface energy of the Si(001) overlayer and destabilizes the layer-by-layer growth. It is therefore
interesting to consider what is the behaviour of surface stress for vicinal surfaces close to the (001) orientation of Si (or Ge).
Two competing effects emerge as the step separation L decreases when the miscut angle gets larger. It is known that, since the presence of steps leads to surface stress relaxation, the surface stress is maximum for the low-index flat surface, and decreases with the miscut angle, scaling as ~L [50, 51] . On this overall decreasing trend, another effect arises at low miscut angles, which is the transition between single-and double-stepped surfaces, occurring for Ge(001) around 4° miscut [31] . Since the singlelayer steps are always accompanied by alternating (1x2) and (2x1) terraces with rotated surface stress, there is an additional contribution to surface relaxation which reduces the surface stress for single-stepped surfaces at low miscuts and scales with the terrace width as ~ ( / ), where ≈ 0.4 nm is the surface lattice constant [31, 52] . In our case, the highly-stepped structured regions have a very small step separation corresponding to a miscut angle larger than 10°. At this angle, the surface stress reduction due to the reduced coordination at the step sites is dominant and the surface stress is surely reduced with respect to the flat surface [50, 51] , thus increasing surface energy of the overgrown film. We remark, however, that at lower miscut angles where the surface relaxation due to surface stress anisotropy (i.e.the logarithmic term above) is effective, the balance of the two aforementioned contributions is expected to be delicate and a more complex growth behaviour may arise. For the highly-miscut (2x1) domains we observe, in addition, the energetics of steps becomes non-negligible, due the higher relative contribution of step-energy to the total surface energy [53] . It is known that the step energy of Si (001) is strongly increased by tensile strain [19] and this implies that forming a coherent Si film reproducing the stepped morphology of the misoriented Ge(001) underneath has a high energy cost. Consistently, we found that, for sufficiently thick Si films, the stepped structure is lost. We propose that the combination of surface stress reduction and step edge energy, which are related to the dense step array observed on our naturally structured Ge(001) substrate, lowers the stability of a 2D film and drives the formation of islands at lower critical thickness than on the flat Ge(001) surface. 
Spatial ordering of Si/Ge islands induced by surface structuring
In Figs. 3(a) and 3(b), there is a clear correlation between the island's ordering and the structuring pattern of the substrate. As a matter of fact, while in the unstructured areas the islands appear homogenously distributed [ Fig. 3(c) ], a distinct spatial ordering is present in the spontaneously structured domains [ Fig. 3(a, b) ]. Confirming what observed at lower coverage, large 3D islands occupy selectively specific locations on the structured areas: They sit on the WL grown on the (001) domains and, specifically, are aligned along the edge boundaries with the (115) facets [ Fig. 3(b) ]. On the surface pattern, these edges are oriented along the [110] direction and are evenly spaced with a period w; we, therefore, expect to find some quantitative correlation between w and the island's separation along the [11 ̅ 0] . In Fig. 4(a) , we compare the distribution of the nearestneighbour distances projected along the [11 ̅ 0] for an island ensemble grown on a structured portion of the substrate (upper histogram) with that obtained on the unstructured areas (lower histogram). As expected, the latter appears structureless, consistently with the absence of texture in the substrate. Conversely, on the spontaneously structured areas of the substrate, the distribution clearly shows distinct peaks which we labelled as Ln, with n= 0÷4. The peaks are evenly spaced with a period L1= 37 nm well matching the pattern periodicity w. It is easy to see that, if the islands are aligned along the edges of the pattern, as drawn in Fig. 4(b) , the projection Lx of the island separation along the [11 ̅ 0] only assumes values which are multiples of the pattern periodicity w. Thus, we interpret the zero-order peak L0 as due to the islands having the nearest-neighbour on the same faceting edge, and the following orders as due to islands with the nearest-neighbour at increasingly distant locations on the pattern. Confirming the visual impression from the STM images, this peak structure is a quantitative manifestation of the ordering effect driven by the substrate pattern. The latter also affects the size distribution of the Si dots which is clearly narrower on the structured domains [ Fig. 3(a, b) ] with respect to the unstructured areas [ Fig. 3(c) ]. In line with previous observations [54, 55] , we interpret this effect as the result of the preferentially unidimensional mass transport occurring along the faceting edges in the structured areas. In contrast, on the unstructured areas, the diffusion is entirely two-dimensional and this, together with the early nucleation of small clusters at low coverage, results in broader island's size distribution. 
IV. CONCLUSIONS
We investigated the Si/Ge growth on naturally structured Ge substrates obtained by high-temperature flash heating exploiting the spontaneous faceting of the Ge(001) surface close to the onset of surface melting. The formation of surface domains with different vicinal crystallographic orientations made it possible to compare, in the same growth conditions, the stability against islanding of tensile-strained Si/Ge wetting layers on templates showing diverse relative contributions of step and surface energies. We found that on a Ge(001) substrate with high step density the critical thickness for islanding is lowered to about 5 ML, in contrast to the 11 ML reported on the flat Ge(001) surface; while on the unreconstructed (1x1) domains of the pattern the growth is VW driven, showing that the specific surface structure critically affects strain-induced islanding under lattice tension. In addition, we show that the substrate structure defines a spatial correlation for nucleation sites which resembles the faceting-pattern periodicity, thus suggesting a doable bottom-up strategy for self-assembly of Si dots.
